The wide circulation of novel avian influenza viruses (AIVs) highlights the risk of pandemic influenza emergence in China. To investigate the prevalence and genetic diversity of AIVs in different ecological contexts, we surveyed AIVs in live poultry markets (LPMs), free-range poultry and the wetland habitats of wild birds in Zhejiang and Hubei provinces. Notably, LPMs contained the highest frequency of AIV infection, and the greatest number of subtypes (n59) and subtype co-infections (n514), as well as frequent reassortment, suggesting that they play an active role in fuelling AIV transmission. AIV-positive samples were also identified in wild birds in both provinces and free-range poultry in one sampling site close to a wetland region in Hubei. H9N2, H7N9 and H5N1 were the most commonly sampled subtypes in the LPMs from Zhejiang, whilst H5N6 and H9N2 were the dominant subtypes in the LPMs from Hubei. Phylogenetic analyses of the whole-genome sequences of 43 AIVs revealed that three reassortant H5 subtypes were circulating in LMPs in both geographical regions. Notably, the viruses sampled from the wetland regions and free-range poultry contained complex reassortants, for which the origins of some segments were unclear. Overall, our study highlights the extent of AIV genetic diversity in two highly populated parts of central and south-eastern China, particularly in LPMs, and emphasizes the need for continual surveillance.
INTRODUCTION
. AIVs are responsible for a range of diseases, with the highly pathogenic form of the virus posing a substantial threat to both public and veterinary health. Although the successful cross-species transmission of AIVs to become fully adapted human pathogens occurs rarely (Kuiken et al., 2006) , the spillover of AIVs into human populations in the absence of ongoing transmission is a more regular occurrence, and is responsible for sporadic and often fatal respiratory disease. This process is exemplified by human cases of highly pathogenic H5N1 that have occurred since 1997 (Claas et al., 1998; Guan & Smith, 2013) and the more recent (2013) emergence of H7N9 in China (Gao et al., 2013; Su et al., 2015) , both of which are associated with mortality rates w40 %. Clearly, such viruses could pose a significant threat to public health if they become adapted to human respiratory and contact transmission .
During the past two decades many novel AIVs infecting poultry have emerged in China, including those that cause human disease (Claas et al., 1998; Butt et al., 2005; Gao et al., 2013; Guan & Smith, 2013; Wei et al., 2013; Chen et al., 2014; Su et al., 2015; Yang et al., 2015) . Interestingly, almost all of these human-infecting AIVs are prevalent in live poultry markets (LPMs) in southern China, a locality often regarded as an 'epicenter' of influenza genetic diversity and emergence (Guan & Smith, 2013) . Indeed, the large numbers of LPMs in this region serve as important vessels for the mixing of and reassortment amongst multiple subtypes of AIVs, in turn increasing viral genetic diversity (Liu et al., 2003) . AIV in LPMs either originate from (i) modern large-scale poultry farms with high-level biosafety or (ii) traditional free-range poultry farms, also referred to as 'backyard poultry', that are commonplace in China. Although free-range poultry are central to AIV ecology (Pantin-Jackwood et al., 2014) , how they contribute to the diversity and evolution of AIVs circulating in China is uncertain, particularly given their possible contact with wild bird populations. Hence, a systematic study of the prevalence, diversity and evolution of AIVs at locations where humans are also highly populous will be central to understanding the role of different avian transmission cycles in viral ecology.
Zhejiang province is located in the south-east coastal area of China and has been an epicentre for the emergence of AIVs of public health importance in recent years, including the highly pathogenic H7N9 viruses (Wu et al., 2014 (Wu et al., , 2015 Lam et al., 2015; Yu et al., 2015a) . In contrast, Wuhan is the capital of Hubei province located in central China. Although it is highly populous [with a resident population of 8.2 million and a 'floating' (transient) population of 1.5 million], w25 % of the city of Wuhan comprises water (i.e. rivers and lakes), whilst diverse poultry AIVs have been reported in Wuhan, no H7N9 has been documented to date (Su et al., 2015) . In addition, both Zhejiang and Hubei represent habitats of the migratory birds that follow the east Asian-Australasian flyway (Tian et al., 2015) .
As there are an increasing number of reports of novel AIV strains circulating in China (Su et al., 2015) , our aim was to determine viral prevalence and genetic diversity in a defined and densely populated geographical area through active surveillance of LPMs, free-range poultry and wild birds residing in wetland regions in Zhejiang and Hubei provinces.
RESULTS

Prevalence of AIVs in Zhejiang and Hubei provinces
From November 2014 to January 2015, a total of 2040 fresh faecal samples were collected in Wenzhou, Taizhou and Longquan cities of Zhejiang province, as well as in Wuhan city, the capital of Hubei province (Fig. 1) . In these two regions samples were collected from (i) LPMs, (ii) free-range poultry and (iii) migratory birds resident in wetland habitats. Of the 2040 samples tested, a total of 358 (17.5 %) were AIV-positive.
Samples collected from LPMs had much higher influenzapositive rates than those from free-range poultry or wetlands, with prevalence values of 27.2, 4.6 and 6.4 %, respectively, in Hubei, and 49, 0 and 8 %, respectively, in Zhejiang (Table 1) . The higher influenza-positive rates in the samples from LPMs were also observed on a monthly basis (Table S1 , available in the online Supplementary Material). Hence, LPMs appear to be the epicentres of AIV in both Hubei and Zhejiang. Amongst those avian species in LPMs, ducks had the highest AIV-positive rate, at 47.3 % in Hubei and 61.3 % in Zhejiang. In comparison, turtledoves and chickens in Hubei had AIV-positive rates v30 %, whilst the equivalent value in chickens and pigeons in Zhejiang was *40 %. A far lower AIV prevalence was observed in free-range poultry. Indeed, amongst the five sampling sites in Hubei and Zhejiang, only one, close to Chenghu lake wetland in Wuhan, contained AIV-positive samples, although with a relatively high prevalence (23/145; 15.9 %). We also sampled two wetland areas that are key habitats of wild birds, i.e. Chenghu lake wetland in Wuhan and Binghai wetland in Wenzhou, which had AIV prevalence values of 22/345 (6.4 %) and 4/50 (8 %), respectively.
Diversity of AIVs in Zhejiang and Hubei provinces
A total of eight HA (H1, H3, H5, H6, H7, H9, H10 and H11) and six NA (N1, N2, N4, N5, N6 and N9) subtypes were identified in our study (Tables 1 and 2 ). Notably, the subtypes found in LPMs were relatively complex, and differed between Hubei and Zhejiang. In Hubei, we identified subtypes H5N6, H9N2, H5N1, H6N6 and H3N2, with H5N6 and H9N2 the most common. In contrast, we identified the H9N2, H7N9, H7N3, H5N6, H5N2, H5N1 and H1N4 subtypes in Zhejiang, with H9N2, H7N9 and highly pathogenic H5N1 at the highest frequency.
Notably, H7 subtype viruses (including H7N9) were not observed in Hubei. Amongst the free-range poultry (in Hubei) we documented the H5N2 and H9N2 subtypes, both from a single farm. Although both these subtypes were also present in the LPMs, their diversities differed (see below). Similarly, the AIV subtypes circulating in wild birds in wetlands were distinct from those found in LPMs and free-range poultry; the subtypes identified in Chenghu lake wetland (Hubei) were H1N1, H11N9 and H6N2, whilst H10N5 was sampled in the Binghai wetland (Zhejiang).
Evolutionary history of AIVs
To better understand the phylogenetic relationships of AIVs sampled from LPMs, free-ranging poultry and wetlands in the two Chinese regions, entire coding regions were obtained from 43 AIVs, comprising one H1N4, four H5N1, two H5N2, 13 H5N6, one H6N6, seven H7N9 and six H9N2 in LPMs, one H5N2 in free-range poultry, and two H1N1, three H6N2 and three H11N9 in wetland birds (Table S2) . Unfortunately, only partial sequences of H10N5 viruses were obtained from the Binghai wetland.
H5 subtype viruses. In China, novel H5 subtypes have emerged and circulated in poultry in recent years (Su et al., 2015) , and we observed H5N6, H5N2 and H5N1 subtype viruses in both Zhejiang and Hubei. All H5 subtypes in LPMs possessed a run of polybasic amino acid residues at the HA1-HA2 cleavage site (PLRERRRK R/GL for H5N6, PQIEGRRRKR/GL for H5N2 and PQRER RRKR/GL for H5N1), which is the signature of highly pathogenic H5N1 influenza A virus (Stieneke-Gröber et al., 1992) . 2015; Yang et al., 2015; Yu et al., 2015b) . All H5N6 viruses identified in this study fell into the 2.3.4.4 clade (Figs 2 and S1a). Within this clade, the H5N6 viruses sampled from Hubei (isolated from turtledoves, chickens and ducks) clustered together, with the exception of one virus that was closely related to two H5N1 viruses. Notably, the two H5N6 viruses from Zhejiang were distant from the H5N6 viruses identified in Hubei as well as those previously identified in other parts of China. Specifically, the A/duck/Taizhou/TZYG12/2015 (H5N6) virus formed an independent lineage, whilst the A/duck/Wenzhou/YHQL22/2014 (H5N6) virus was mostly closely related to an H5N8 virus circulating in Zhejiang. In the NA gene tree, the H5N6 viruses from Zhejiang and Hubei fell into two distinct lineages (Fig. 3) , both of which were closely related to the H5N6 subtype that circulates widely in China. Notably, the Hubei H5N6 viruses contained an 11 aa deletion (aa 58-68 in reference to H6N6), whereas the Zhejiang H5N6 viruses had no deletion at this site (Figs 3 and S2d). Interestingly, two distinct lineages of H5N6 viruses were also observed in the phylogenies of internal genes (Fig. 4) . In the PB1, PB2 and PA trees, H5N6 viruses from Hubei clustered with known H5N6 viruses, whilst H5N6 viruses from Zhejiang clustered with non-H5N6 With respect to the surface proteins (HA and NA), the H5N2 virus sampled from free-range poultry had an HA gene that was genetically distinct from that observed in the H5N2 viruses found in LPMs and most closely related to an H5N2 virus isolated from a Baikal teal in Jilin (GenBank accession JX570831). Similarly, the NA gene of the H5N2 virus sampled from free-range poultry was closely related to the NA gene of an H9N2 strain also isolated in a Baikal teal from Jilin (Figs 2, 3, S1a and S2b). Finally, although the HA and NA genes of the viruses isolated from wild birds in wetland regions mainly fell within the Eurasian AIV lineage as expected, the NA genes of the H6N2 subtypes grouped, surprisingly, within the diversity of the North American lineage of AIVs (Figs 2, 3, S1d and S2b), indicative of trans-continental gene flow.
Mixed infection of different subtypes
Another notable finding of our study was the high frequency of mixed infections within LPMs (Table 1) . For clarity, we only show mixed infection types with different HA segments (as those involving the internal genes are often difficult to resolve). In Hubei, 28/94 (29.7 %) samples exhibited infection by multiple HA subtypes, whilst the equivalent numbers for Zhejiang were 78/215 (36.27 %). The subtypes involved in mixed infection were dominated by H5 and H9 in Hubei, and by H9, H5 and H7 in Zhejiang. Notably, mixed infections were not detected in free-range poultry and wild birds, again highlighting the role of LPMs as ecological mixing vessels.
DISCUSSION
The number and genetic diversity of AIVs circulating in poultry in China has increased alarmingly in recent years, and includes the H7N9, H10N8 and H5N6 subtypes that have resulted in fatal human infections (Su et al., 2015) . However, far less is known about whether and how these viruses flow between wild birds, free-range poultry farms and live bird markets, nor how this process impacts viral emergence. Indeed, the concern that the H5, H7 or H9 AIVs may become established in human populations means that there is a pressing need to characterize the genetic diversity of AIVs in China Su et al., 2015) . Although the avian niches of wild birds, poultry farms and LPMs are generally distinct, they clearly overlap due to their geographical proximity (notably so in China) and human activities, with viral gene flow amongst them undoubtedly occurring (Fig. 4) .
Aquatic birds are the natural reservoirs for influenza A virus and the ultimate source of those viruses observed in poultry and mammals (Webster et al., 1992) . We identified viral gene flow amongst wild aquatic birds, free-range farms and LPMs (Fig. 4) . Notably, this gene flow generally took the form of complex reassortments generally involving internal genes. Clearly, the genetic communication of AIVs amongst wild birds, domestic waterfowl and terrestrial poultry flocks is an important source of emerging AIVs, and similar reassortments have been observed in the highly pathogenic H5N1 and H7N9 viruses (Guan et al., 1999; Lam et al., 2013) .
A novel aspect of our study was the focus on free-range (backyard) poultry associated with smaller-scale farms. Hence, it was striking that free-range poultry had the lowest viral prevalence and diversity, likely reflecting their low population density and relative isolation compared with economic flocks (Stegeman et al., 2004) . However, free-range poultry may still play an important role in AIV ecology and evolution. For example, the major H7N7 AIV outbreak that occurred in The Netherlands in 2003 involved both commercial and some backyard flocks (Madsen et al., 2013) , and the AIV diversity in free-range farms possessed features of viruses from both domestic poultry and wild birds, suggesting that they can act as conduits between these niches.
Compared with wild birds and free-range poultry, LPMs were characterized by a much higher AIV prevalence and much greater viral diversity. This likely reflects the fact that LPMs act as focal points for birds from diverse geographical localities, in turn allowing viruses to transmit and mix within close confines, increasing the rate of AIV infection. Hence, LPMs represent an ideal breeding ground for the generation of novel AIV variants and for secondary contact with susceptible human populations. Indeed, it is likely that many novel AIVs, including the human-infecting H5N1, H7N9 and H10N8, originated in LPMs (Guan et al., 1999; Li et al., 2004; Ma et al., 2015) . For example, the core component of these viruses are from H9N2 viruses, which is the dominant subtype in the LPMs from Hubei and Zhejiang provinces as well as many other places in China.
Although large-scale surveillance of AIVs had been undertaken in southern China, including Zhejiang province, particularly following the outbreak of H5N1 and H7N9 AIVs in humans (Guan & Smith, 2013; Su et al., 2015; WHO, 2015) , Hubei province in central China seems less affected by AIVs (Su et al., 2015 . Although this subtype is also found in Zhejiang, the viruses from these two provinces are genetically distinct, indicative of a relatively long time period of separation. Overall, the comparisons between Zhejiang and Hubei suggest a marked regional variance in AIVs, such that these viruses have a complex temporal-spatial history in China. Clearly, to fully understand the ecology and evolution of AIVs in China more comprehensive surveillance is required in all the diverse environments occupied by AIVs.
METHODS
Sample collection. Surveillance of AIV infection was conducted in Hubei and Zhejiang provinces (Fig. 1) , China, during November 2014 to January 2015. Fresh faecal droppings were collected from three different sources: (i) LPMs, (ii) free-range poultry and (iii) wild birds resident in wetland regions. In Hubei, most sampling was performed in or around the city of Wuhan, the provincial capital. The LPM samples were collected from two locations in Hankou district and one in Jiangxia district of Wuhan city every month during the time window of surveillance. Similarly, free-ranging poultry samples were obtained from animals in four suburbs of Wuhan, encompassing the Caidian, Xinzhou, Jiangxia and Huangpi districts. For wild birds, we selected the Chenhu lake wetland, an important breeding and feeding ground for migratory birds.
We also surveyed three cities in Zhejiang: Wenzhou, Taizhou and Longquan. This sampling incorporated three LPMs in Wenzhou, two in Taizhou and one in Longquan, whilst the free-ranging poultry samples were collected from different towns in Longquan. Finally, wild bird samples were sampled in the Binghai wetland of Wenzhou city, a major breeding and feeding ground for migratory birds. In the case of poultry specimens, the most common bird species were sampled at every site and three or four faecal samples were collected from each cage to avoid cross-contamination. Only fresh faecal samples from free-range poultry and wild birds were utilized.
The Chenhu and Binghai wetlands are the habitat of migratory birds, and we determined whether the specimens collected in these locations were indeed from migratory birds with the assistance of local technical workers.
AIV detection, isolation and full genome sequencing. Total RNA was extracted from faecal samples using TRIzol LS Reagent (Invitrogen) according to the manufacturer's instructions. AIVs were detected by amplifying the PB1 gene of AIVs using nested reverse transcription PCR and primers designed for all influenza A and B viruses. The positive PCR products were cloned into pMD18-T vector and then transferred into DH5a competent cells (TaKaRa). At least five clones were sequenced, with single or multiple (co-)infections determined using sequencing. For verified cases of single infection, we used embryonated chicken eggs (9-11 days old) for virus isolation as described previously (WHO, 2002 non-coding regions at both ends of each gene segment (Hoffmann et al., 2001) .
AIV sequence data and phylogenetic analyses. All AIV genome sequences obtained here were manually edited using the SeqMan program implemented in the software packages Lasergene version 7.1 (DNASTAR) and BioEdit version 7.0.9 (Hall, 1999) . Complete coding regions were aligned using CLUSTAL W implemented in MEGA version 5.05 (Tamura et al., 2011) . All genome sequences of the 43 AIVs obtained here have been submitted to GenBank.
In addition to the sequences determined here, reference sequences that covered the phylogenetic diversity of AIV in China, as well as the broader North American and Eurasian lineages of AIV, were incorporated into an evolutionary analysis. These sequences were downloaded from the Influenza Virus Resource (http://www.ncbi.nlm.nih. gov/genomes/FLU/FLU.html). The final dataset sizes were: (i) AIV HA segment sequences: H1, n536 sequences; H5, n597; H6, n533; H7, n556; H9, n548; H11, n540; (ii) AIV NA segments: N1, n536 sequences; N2, n561; N4, n534; N6, n547; N9, n538; (iii) AIV internal gene segment sequences: PB2, n5899 sequences; PB1, n5898; PA, n5870; NP, n5850; MP, n5802; NS, n5763.
Phylogenetic trees of these data were reconstructed using the maximum-likelihood method implemented in PhyML version 3.0 (Guindon et al., 2010) , employing the GTR+C nucleotide substitution model and an SPR (subtree pruning and regrafting) branchswapping algorithm. Statistical support for individual nodes was determined using the aLRT (approximate likelihood-ratio) test with the Shimodaira-Hasegawa-like procedure.
